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FOREWORD 


During  the  course  of  the  experimental  portion  of  this  work  it  was 
found  advisable  to  rework  the  control  vanes  in  the  P-GEM.  These 
vanes,  essentially  butterfly  valves,  were  originally  pivoted  about 
their  50"  chord  point  and  as  such  were  unstable.  New  vanes  pivoted 
at  25"'  chord  not  only  improved  control-feel  and  effectiveness  but 
eliminated  a  control-system-induced  instability  of  the  craft. 

The  modified  P-GEM  showed  a  marked  increase  in  static  stability, 
the  value  of  ^/D  for  neutral  stability  in  hover  being  increased  from 
.05  to  .08. 

The  replacement  of  the  constantly  fluttering  unstable  vanes  with  the 
new  stable  system  also  reduced  lift  horsepower  required  as  can  be  seen 
in  Figure  18  of  this  report.  For  this  reason,  previously  run  flight 
tests  were  repeated  to  enhance  the  validity  of  this  report. 
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LIST  OF  SYMBOLS 

Pb 

base  pressure,  gage,  lb/^2 

PBo 

2 

base  pressure  in  hover,  lb / £■  t 

Pbe 

effective  base  pressure  defined  by  Pbe  S  ®Span  ?L  ^S,  lb / £ 1 2 

*0 

cr 

o 

theoretical  base  pressure  lb/ ^ 1 2 

PL 

gage  pressure  over  lower  surface,  lb / £ 1 2 
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gage  pressure  over  upper  surface,  lb / £ 1 2 
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PTj 

jet  total  pressure,  lb/ f t 2 

PJ 

jet  static  pressure,  lb/ £ ^ ^ 

jet  dynamic  pressure,  1  b/ £ 1 2 

q 

free-stream  dynamic  pressure,  lfc>/ f 1 2 

SB 

base  area  bounded  by  the  inside  edge  of  the  jet,  ft^ 

Aj 

2 

jet  area,  ft 

sj 

2 

jet  area  normal  to  the  jet  flow,  ft 

s 

2 

effective  base  area,  ft 

L 

total  lift,  lb 

L' 

aerodynamic  lift,  lb 
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total  drag,  lb 
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jet  momentum,  mvj,  lb 
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CL 

total  lift  coefficient,  L/^g 

cl‘ 

aerodynamic  lift  coefficient,  L'/  _ 

qS 
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CD 

total  drag  coefficient,  D/^g 
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drag  coefficient  without  blowing 

Jet  momentum  coefficient,  J/  „ 

qS 

vi  i 
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c  circumference  of  the  Jet  centerline,  ft 

h  altitude,  ft 

0o  initial  Jet  angle  measured  from  the  vertical  and  negative 
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A  augmentation  ratio,  L/j 

A'  forward  flight  augmentation 

AQ  augmentation  in  hover 

Vj  Jet  velocity,  ft/gec 
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m  Jet  mass  flow  -  slugs/sec 

^  A  nondimensional  coefficient  defined  by  =  a^^o 

y  L  percentage  of  weight  supported  by  the  aerodynamic  lift,  L'/w 

y  int  Internal  efficiency 

^p  propulsive  efficiency 

h/D  nondimensional  height  parameter 

w  weight,  lb 

mac  mean  aerodynamic  chord 
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SUMMARY 


The  effects  of  aerodynamic  forces  and  moments  acting  on  a  ground  cl  In  t 
machine  in  forward  flight  arc  investigated  in  some  detail.  Emphasis 
has  been  placed  upon  the  performance  gains  possible  by  shaping  a  GEM 
to  maximize  lift  at  zero  degrees  .ingle  of  attack. 

The  associated  longitudinal  stability  and  trim  problem  is  discussed, 
and  at  least  one  solution  presented. 

The  work  is  both  theoretical  and  experimental,  the  latter  utilizing 
wind-tunnel  models  of  a  reconfigured  P-CEM  md  also  the  full-scale 
P-CEM.  Flight  test  results  prove  the  validity  of  the  concept  and 
are  extrapolated  to  higher  airspeeds  thjn  those  attainable  with  t he 
P-GEM. 
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INTRODUCTION 


The  several  years  of  research  looking  into  the  fundamental  character¬ 
istics  of  ground  effect  machines  has  convinced  many  people  that  sub¬ 
stantial  Improvements  in  performance  of  these  craft  can  be  achieved 
by  new  concepts  of  the  aerodynamic  configuration  of  the  machines. 

Ground  Effect  Machines  (GEM)  research  at  Princeton  University  during 
recent  years  has  been  largely  devoted  to  the  examination  of  each 
extreme  of  a  broad  spectrum  of  configurations  intended  to  yield  favor¬ 
able  aerodynamic  forces  and  moments  of  cruise  velocities. 

It  was  decided  that  at  one  end  of  such  a  spectrum  of  configurations, 
a  useful  GEM,  because  of  mission  requirements,  might  necessarily  be 
"barge-like"  in  appearance.  In  order  to  take  advantage  of  the  rela¬ 
tively  high  dynamic  pressures  at  which  the  craft  might  be  expected 
to  cruise,  the  addition  of  wings  to  the  otherwise  pure  GEM  has  been 
most  seriously  considered.  Investigations  of  this  concept  have  been 
theoretical  and  experimental,  the  latter  phase  being  both  with  wind- 
tunnel  models  and  full-scale  machines  (Reference  1).  Results  of  this 
work  have  proven  that  the  hoped-for  gains  in  performance  and  stability 
do,  in  fact,  exist. 

The  other  configuration  extreme  consi  lered  would  be  that  shape  deter¬ 
mined  from  forward  flight  aerodynamic  considerations  alone.  This 
might  well  be  the  case  if  the  mission  requirements  did  not  seriously 
affect  the  configuration.  Under  such  ground  rules  a  designer,  given 
free  choice,  would  naturally  attempt  to  arrive  at  a  geometric  shape 
which  would  optimize  performance,  static  stability,  and  control. 

This  report  covers  the  progress  made  in  these  matters  during  the  past 
year  at  Princeton  University. 

It  is  not  suggested  that  the  P-GEM  (Figure  1)  is  an  optimized  GDI. 

It  is,  however,  clear  from  four  years'  experience  with  the  craft  that 
its  shape  is  responsible  for  many  interesting  forward  flight  charac¬ 
teristics.  Chief  among  these  is  the  effect  of  its  aerodynamic  clean¬ 
liness  on  performance  and  static  stability.  Principally  because  of 
this  and  also  because  the  craft  is  still  in  excellent  flight  condi¬ 
tion,  its  shape  was  selected  as  a  basis  for  proving  the  predictions  of 
an  analytical  study  which  constitutes  the  first  portion  of  this  work. 
Following  this  general  analysis  is  a  section  reporting  the  results  of 
selected  wind-tunnel  tests  of  a  1/12  scale  model  of  the  P-CEM  and  a 
final  section  of  flight  test  results  of  the  full-scale  P-GEM. 

The  major  hoped-for  advantage  of  optimizing  the  aerodynamic  shape  of 
a  GDI  is  an  improvement  in  its  cruise  performance  by  generally  im¬ 
proving  the  L/d  of  the  craft.  The  P-GEM,  for  example,  has  a  reason¬ 
ably  high  cruise  lift  coefficient,  as  will  be  discussed  in  a  subse- 


quent  section,  which  indicates  that  considerable  gain  m  height  may 
be  achieved  at  even  moderate  cruising  speeds.  This  may  easily  be  seen 
by  considering  the  craft  as  a  wing.  While  it  is  not  a  very  efficient 
wing,  it  is,  considering  the  light  base  loadings,  an  effective  wing  at 
speeds  of  approximately  titty  miles  per  hour  Since  this  craft  has 
its  center  of  gravity  in  its  center,  it  may  be  considered  a  wing  with 
a  C.G.  at  .5  mac;  and  since  it  is  basically  a  tailless  craft,  it  is 
not  surprising  that  strong  longitudinal  instability  problems  have  aris¬ 
en.  Configuration  changes  designed  to  cope  with  this  nose-up  pi  telling 
moment  are  a  major  portion  of  this  work. 


GENERAL  ANALYSIS 


The  total  lift  of  a  GEM  can  be  represented  by  the  sum  of  its  momentum 
thrust  components  and  the  lift  produced  by  a  pressure  differential 
between  the  upper  and  lower  surfaces.  In  hover,  this  pressure  differ¬ 
ential  is  the  increase  from  ambient  of  the  pressure  under  the  base  of 
the  machine.  If,  however,  the  top  surface  of  the  GEM  is  shaped  so 
that  in  forward  flight  increased  velocities  and,  consequently,  reduced 
pressures  occur  on  the  upper  surface,  the  pressure  differential  between 
the  upper  and  lower  surfaces  increases,  providing  additional  lift  ot 
an  aerodynamic  nature.  As  will  be  shown  in  the  following  sections, 
this  aerodynamic  lift  due  to  the  topside  pressure  distribution  can 
increase  the  performance  of  a  GEM  substantially.  However,  special  care 
must  be  taken  so  that  the  distribution  of  this  "topside"  lift  does  not 
produce  adverse  stability  and  control  characteristics. 

In  the  following  analysis,  an  attempt  will  be  made  to  determine  the 
nature  of  this  "topside"  lift  and  its  effect  upon  GEM  performance  in 
the  hope  that  it  will  bring  a  better  understanding  of  the  shaped  GEM 
and  establish  some  design  criteria. 

LIFT 

In  general,  any  shaped  GEM  with  annular  jet  blowing  will  produce  a 
lift  force  equal  to  the  pressure  lift  plus  the  jet  reaction  lift. 

The  pressure  lift  can  be  written  as 

pressure  =  C  -  Pw) 

span1*  (1) 

where  P*.  and  Po  are  the  pressures  over  the  lower  and  upper  surfaces, 
respectively.  The  pressure  over  the  lower  surface  of  a  GDI  consists 
of  the  jet  pressure  acting  on  the  jet  area  normal  to  the  lift  direc¬ 
tion  and  the  base  pressure  acting  on  the  base  area.  In  hover,  the 
base  pressure  can  be  considered  approximately  constant  while  the  jet 
pressure  varies  linearly  across  the  jet  area  from  a  value  equal  to  the 
base  pressure  at  the  inside  edge  to  atmospheric  pressure  at  the  outside’ 
edge.  Thus  the  average  jet  pressure  can  normally  be  approximated  by 
one-halt  the  base  pressure.  By  using  these  assumptions,  and  further 
assuming  that  the  jet  and  base  pressures  do  not  vary  with  forward 


flight,  equation  (1)  can 

be  rewr i t  ten  as 

L  pressure  = 

^  Ai  *  P»  5. 

J)  PuAS 

span 

s 

P»  (SB  ♦  ) 

-  $  R.AS 

span 

(2) 

The  second  term  of  equation  (2)  represents  the  lift  due  to  the  pres¬ 
sure  distribution  over  the  top  surface  of  the  GEM. 
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At  this  point  of  its  development,  the  pressure  lift  as  given  by 
equation  (2)  is  somewhat  incorrect  because  the  action  of  the  free 
stream  in  forward  flight  upon  the  jet  curtain  will  have  some  effect 
on  both  the  jet  pressures  and  jet-induced  base  pressures.  Although 
some  work  has  been  done  experimentally,  little  effort  appears  to 
have  been  spent  analytically  determining  just  how  these  pressures 
vary  with  forward  speed.  An  analytical  approach  is  quite  difficult 
and  complex,  particularly  when  a  solution  is  sought  for  the  general 
case.  Thus,  the  difficulty  of  not  being  able  to  predict  the  change 
in  pressure  lift  with  velocity  purely  by  analytical  means  leads  to 
the  nondimensional  approach  utilizing  available  experimental  results 
given  below. 


If  we  define  a  base  pressure,  P0e  ,  such 
at  each  velocity  point,  we  can  tentative 
base  pressure  with  speed.  By  redefining 
in  this  manner  and  summing  this  with  the 
lift  is  found: 


that 


Pb9  =  f 


span 


Pl  dS 


ly  account  for  the  change  in 
the  terms  of  equation2 
jet  reaction  lift,  the  total 


L  :  ^6^6*+  JCor;  L  aero 


(3) 


where  L  aero  is  the  aerodynamic  lift  due  to  the  topside  pressure 
distribution.  Equation  (3)  is  now  put  in  coefficient  form: 


C.  ;  --  *  C-c.,©. 


■>  ct 


aero. 


(A) 


In  hover,  the  effective  base  pressure  can  be  fairly  well  approximated 
by  the  expression 

p  .  r  i  ■  3 » &r 

•o  *  ”k  c/s  as  predicted  by  simple  momentum  theory 
Logically,  it  there  is  a  decay  in  the  effective  base  pressure  with  for 
ward  flight,  this  base  pressure  will  be  some  fraction  of  the  base  pre< 
sure  in  hover.  That  is, 


P»«  =  ¥  a  pb. 


a  r (i  -  's.-r,  e.) 


(5) 


h  c/s 

Also,  it  has  been  well  established  that  the  aerodynamic  lift  coeffi¬ 
cient  can  be  expressed  as  the  lift  coefficient  without  jet  blowing 
plus  a  change  in  aero  due  to  the  increased  circulation  that  re¬ 
sults  from  blowing.  From  circulation  control  theory  and  empirical 
evidence,  the  change  in  aero  due  to  blowing  is  a  function  of 


cL 


aero 


:  C.  i-  AC.(O0 


Cm  -O 


(6) 


Substituting  equations  5  and  6  into  equation  4  produces 
-  ■S, 

c  t  c/s  *  ^ +  Cl  * 


h  CA 

Base  Pressure 
Lift 


Aerodynamic- 
Lift  . 
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Reac  t ion 
Lift 


(7) 


Thus,  for  a  given  geometry,  angle  of  attack,  and  altitude,  the  lift 
coefficient  reduces  to  a  function  of  L  p  and  If  A  .  Nothing  has  yet 
been  said  as  to  how  If*  varies  with  speed;  however,  analysis  of 
empirical  evidence  strongly  indicates  that  ft  is  a  function  of  Cp  . 
Qualitatively,  it  is  readily  seen  that  if  ft  is  dependent  upon  some 
forward  flight  parameter  other  than  Cp  ,  then  the  lift  coefficient 
would  be  strongly  dependent  upon  how  Cp  was  derived.  For  example, 
if  Cp  was  kept  constant  while  changing  jet  mass  flow,  one  would  ex¬ 
pect  Ci  to  vary  if  was  not  a  function  of  Cp  .  Fortunately, 
wind-tunnel  data  shows  that  this  is  not  the  case.  When  plotted  as  a 
function  of  Cp  ,  the  lift  coefficient  falls  on  the  same  curve  re¬ 
gardless  of  jet  mass  flow  on  free-stream  dynamic  pressure.  A  sample 
of  the  Grumman  data  presented  in  reference  2  is  shown  in  Figure  2  to 
illustrate  this.  Thus,  since  V*  apparently  is  a  function  of  Cp  , 
tie  lift  coefficient  reduces  solely  to  a  function  of  Cp  ,  and  this 
function  completely  defines  the  lift  coefficient  for  geometrically 
similar  OEMs,  if  Reynolds  number  effects  are  overlooked.  On  the 
strength  of  this  argument,  it  will  be  assumed  throughout  this  analysis 
that  model  lift  data  presented  as  a  function  of  Cp.  corre lates  di¬ 
rectly  to  an  estimate  of  full-scale  performance. 

At  this  time  the  author  would  like  to  point  out  that  due  to  the  lack 
of  published  data  in  the  field  of  shaped  GEMs,  references  2  and  3  will 
be  relied  on  heavily  for  experimental  support  of  this  paper.  The 
model  used  in  references  2  and  3  was  a  three-dimensional,  half-span, 
reflection  plane  airfoil  with  an  18-percent  thick  modified  Clark  Y 
profile.  An  external  air  supply  piped  through  the  tunnel  floor  fed 
the  peripheral  jet.  It  is  to  be  noted  that  feeding  the  jet  in  this 
way  neglects  the  presence  of  an  air  intake  on  the  topside  surface 
which  is  inherent  to  the  design  of  nonrecirculating  type  GEMs.  This 
means  that  the  streamline  flow  over  the  top  surface  was  somewhat  un¬ 
realistic,  and  the  effect  on  the  base  pressure  of  increased  pressures 
at  the  air  intake  with  forward  velocity  was  not  realized.  However, 
in  spite  of  this,  the  data  can  be  used  to  demonstrate  the  experiment  il 
method  for  determining  the  forward  flight  characteristics  of  shaped 
GEMs,  and  the  effect  of  the  aerodynamic  lift  upon  its  performance. 

EFFECT  OF  THE  AERODYNAMIC  LIFT  TERM  UPON  PERFORMANCE 


A 1 1 i t  ude 


Thus  far  in  this  analysis,  it  has  been  assumed  that  there  is  a  decay 
in  the  base  pressure  lift  with  speed  because  there  arc  strong  indica¬ 
tions  that  this  occurs  on  models  which  are  externally  ted  (see  refer¬ 
ences  2,  3,  and  *)  .  However,  this  fact  has  not  been  suhstant i ated 
for  GEMs  which  have  an  intake  on  the  topside  surface.  It  can  reason¬ 
ably  be  surmised  that  with  forward  speed  there  will  be  i  pressure 
recovery  at  the  inlet  which  will  raise  the  jet  and  base  pressures  as 
forward  speed  builds  up.  Consequently,  if  this  effect  of  the  inlet 


b 


is  superimposed  upon  the  base  pressure  decay  found  for  externally  fed 
GEMs,  the  expected  magnitude  of  the  decay  is  considerably  diminished. 
In  fact,  for  some  GEM  designs  the  decay  mav  oven  be  negligible*.  In 
any  case,  if  it  is  assumed  that  the  aerodynamic  lift  builds  up  much, 
faster  than  the  base  pressure  decay,  then  the  vehicle  must  rise  in 
altitude  because,  with  forward  speed,  the  lift  required  of  the  cushion 
to  support  the  weight  of  the  vehicle  is  reduced.  In  the  analysis 
which  follows,  a  simplified  approach  will  be  taken  to  vividly  show 
this  effect  of  aerodynamic  lift  upon  altitude. 

In  hover  the  lift  equation  for  a  GEM  in  terms  of  its  augmentation 
(  A©  )  »  weight  (  vs/ )  ,  and  jet  moment  um  (  I  )  i  s  gi  ven  by 

AJ  i  3  (8) 


If  in  forward  flight  the  jet  momentum  is  held  constant  and  aero¬ 
dynamic  lift  of  magnitude  L  is  produced,  the  lift  equation  becomes 


W  -  L  «  J  (9) 

where  ^  is  the  forward  flight  augmentation  required  i  rom  the  base. 
Substituting  t\  0  ^  into  equation  (9)  produces 

~  j  s  no) 


Equation  (10)  expresses  the  fact  that  the  base  lugmentation  required 
to  support  the*  weight  of  tlu  machine  decreases  as  the  aerodynamic 
1  l  t  t  unloads  the  base  of  the  vehicle*.  Io  approximate  how  this  decrease 
in  the*  base  augmentation  required  ot  the*  base  at  tec  ts  the*  altitude, 
Chaplin's  simple*  momentum  theory  tor  the  augmentation  is  used  while 
one  e  again  assuming  that  t  he  ele*e  iv  in  the  pressure*  te-nn  e  in  be  repre- 
sented  as  some*  fraction  (  y *  )  of  that  in  hove*r. 


A  6*3  ♦ 
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Solving  equation  (11)  tor  tin  noiul  l  men  s  l  nna  1  altitneii 
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From  equation  (12)  it  is  se*e*n  that  it  tlu  dec  reuse  in  a  is  small 
compared  to  tlu  huild-up  t  uredynamie  litt  with  speed,  then  the 
altitude*  must  inert  ise  it  tlu*  )  e*  t  momentum  is  held  constant.  To 
de*  t  e*  rmi  ne  the*  e  t  t  eu  t  l  ve  ru*  s  s  ot  the  u*  red  yuan  l  c  1  l  t  t  lor  l  ru  r  e  a  s  i  rn 
altitude,  equation  (12)  is  d  1 1  1  e*  re  n  t  i  a  t  ed  with  respect  t  the  percent¬ 
age*  e  i  f  the  weight  supported  bv  the*  wings  (  ^  )  . 


Denoting  ~  as  yu 

.  J_  o 7* _ 

1?u  •*  •  \  •  ( 1  *ro  -<s*»  ©. ^  (13) 

Examination  of  equation  (13)  brings  out  an  important  aspect  of  the 
shaped  GEM  conce  Pt  .  Since  the  hover  augmentation  appears  in  the 
denominator  of  expressl  on  (13) ,  it  can  be  concluded  that  the  greatest 
altitude  increase  due  to  aerodynamic  lift  will  occur  with  vehicles 
that  operate  at  the  least  hover  augmentation.  Furthermore,  the  aero¬ 
dynamic  lift  more  effectively  increases  altitude  as  greater  lift  is 
produced.  In  essence  the  first  statement  means  that  shaping  a  GEM 
tc  produce  aerodynamic  lift  is  most  suita  ly  applied  to  vehicles  of 
the  lighter  base  loadings  because  they  usually  operate  with  lower 
augmentation  than  do  vehicles  of  higher  base  loadings.  This  result 
is  clearly  seen  graphically  in  Figure  3.  In  Figure  3  the  theoretical 
augmentation  curve  for  a  circular  GEM  is  plotted  against  the  non- 
dimensional  altitude  ^/r0  where  is  the  radius  of  the  machine.  By 
noting  the  slope  of  the  augmentation  curve,  it  is  seen  that  at  the 
higher  augmentations,  an  appreciable  decrease  in  the  base  augmentation 
is  necessary  before  a  s  ignif icant  increase  in  altitude  is  realized. 

On  the  other  hand,  at  the  lower  augmentations,  a  decrease  in  the  base- 
augmentation  brings  about  a  relatively  greater  altitude  increase. 

Thus,  the  altitude  gain  due  to  aerodynamic  lift  depends  upon  at  which 
part  of  the  augmentation  curve  the  GEM  operates  in  hover. 

To  illustrate  the  magnitude  of  the  altitude  increase  which  shaped 
GEMs  could  qui^e  feasibly  be  capable  of,  the  data  of  reference  2  was 
used  to  obtain  the  curves  shown  in  Figure  4.  In  these  plots  the  lift 
coefficient  was  mulitplied  by  an<*  plotted  against  cM  for 

several  altitudes.  The  value  of  plotting  the  data  in  this  way  is 
that  : 

1.  It  yields  a  finite  hover  point  equal  to  the  hover  augmenta¬ 
tion  ( L/j  )  at  *  O  • 

2.  The  velocity  increases  as  /cM  increases.  ^ 

3.  If  the  jet  momentum  is  held  constant,  the  value  of  -  — 

remains  constant  for  a  particular  vehicle  throughout' t  s 
speed  range .  f  ,  ly 

Thus,  for  constant  jet  momentum,  a  plot  of  w /CM  ** •  ✓  C ^  is  a 

horizontal  line  extending  from  the  hover  point. 

For  example,  suppose  a  vehicle  geometrically  similar  to  the  model 
used  in  reference  2  was  designed  to  operate  in  hover  at  a  scale 
height  corresponding  to  2.5  inches  for  the  model.  Referring  to 
Figure  4.  we  see  that  this  corresponds  to  a  lift  augmentation  of 
3.4  in  hover,  *  3.4  throughout  its  speed  range,  if  the  jet 

momentum  is  held  constant.  Thus  we  see  that  the  altitude  tri  pies 
a t  *  equa 1  to  3.1. 


Power  Required 


The  power  required  fer  u  bLM  in  forward  tliyht  consists  ot  two  parts 
the  power  required  for  lilt  ind  the  power  rtquired  tor  pr  pul  si  n. 

The  jet  power  required  for  litt  in  terms  t  tin  total  ji  t  pressure  is 
given  by 
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where  ^>J  and  >  ire  t  tie  st  its.,  tnd  dyiumu  pressure  t  t  he  e  t, 

respectively.  Analytically,  tlu  jet  dynamic  pressuit  c.m  e  i  ilv  b» 

related  to  tlu  jet  momentum  it  i  constant  velocity  )e  t  1  issurstel. 
lloweve  r,  d  i  f  i  ;  c  u  1 1  y  arises  win  n  :ie  trios  t  relate-  the  )<  t  title 
pressure  to  any  oin  parameter.  Qualitative  lv,  it  can  h<  ee  that 
the  bise  loading,  i.e.,  back  pressur  in  tin  let,  will  have  i  laro 
bearing  on  t  tie  static  pn  s  sum  A  1  so  ,  tie  ic  t  i  on  o  t  tin  :  r»  e  -  t  re  i 

pressures  e>n  both  the*  inlet  uul  up  >n  tin-  >*t  it  sell  will  h  r/t  v  e 

effect  upon  the  jet  static  pressure's.  Accounting  t  r  oil  t  «  * 

effects  in  developing  the  s  t  1 1  pressure  ti-rn  vmild  he  ye  rv  in 
indee  d;  however,  tlu  comple  xity  Ol  the  pr  b  1  en  eiiU  s  ot  le  lei  t  1 

clearly  understood  solution.  ihus,  as  a  matter  1  expeetumy,  o*  m 

assumpt  i  ons  must  be  made.  Ihe*  tirst  i  t  the  i  is  irpt  i  iv  i  tl  it 

the  f  ree  -  s  t  r  earn  effects  on  the-  inlet  ami  tin  jet  c  n  i  t  ♦  i  ■  <  i  r  c  e  1  e  u  h 

other  so  that  there  is  in  base  pressure  elt  ay  witli  t  rwird  1  licit. 
Secondly,  it  has  been  shown  that  in  hnvt  r  md  in  si  w  :  rwird  lluht, 

the  mean  jet  statu  pressure  is  ippr  xim.itely  mn  -  li  i  1  I  tin  hi  < 

pressure  .  It  will  be  assumed  thit  this  In  Id  true  thr  udiunt  tin 
ent  l  re-  speed  re-g  ime  . 


I’sing  the  ibove  assumptions,  the  ) c  t  p  wer  required  tor  i  hM  with 
no  aerodynamic  lilt  is  given  by 
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where  b’j  is  the  jet  nozzle  ire  i  normal  to  the  t  l  w  nd  b*  is  tin  at 
ot  the  base  including  one-halt  the*  nozzle-  area.  since  7  A  ,iuj 
=  9  ^  Vj  f  or  a  c  ons  t  an  t  -  ve  1  ot  1  t  v  j  e  t  ,  equa  t  1  >n  (Id  e  an  be  re¬ 

written  as 

Power  (c  ushion)  0  .  j  ^  i  *  (  -  \ 

Z  L  *  -*  b  ^  b  j 

(Id) 


The  power  required  tor  pr  pulxieui  is  sinplv 
by  the  veloc  ltv.  By  assuming  ro  monentur 
can  be  written  a s 
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where  is  th*  aerodvnanu  drag  coettuu-  t. 
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power  can  be  written  as 


Power  *  'J,  (Cp  + 

Propulsion  (17) 

By  combining  equations  (16)  and  (17),  the  total  brake  horsepower  re¬ 
quired  is  obtained: 
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As  developed  previously  for  a  shaped  CEM,  the  weight  supported  by  the 
cushion  equals  w  (•  -  ft)  and  the  forward  flight  augmentation  equals 
A.  (  i  -  )•  Substituting  these  values  into  equation  (18)  yields 

the  power  required  for  the  shaped  GEM, 
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* 

where  Cp  represents  the  drag  coefficient  including  induced  aero¬ 
dynamic  drag. 


If  we  examine  equation  (19)  from  the  viewpoint  of  keeping  the  jet 
momentum  constant,  allowing  the  vehicle  to  rise  as  aerodynamic  lift 
builds  up,  it  is  seen  that  the  first  term  represents  a  decrease  in 
the  horsepower  required  from  that  of  a  nonshaped  GEM.  The  reason 
for  this  is  that  as  aerodynamic  lift  unloads  the  base,  the  static 
pressure  requirement  of  the  jet  is  reduced.  Although  the  magnitude 
of  this  decrease  as  shown  in  equation  (19)  may  be  questionable  due 
to  the  assumptions  made  for  the  static  pressure,  it  appears  that  this 
decrease  in  power  required  can  compensate  for  a  good  part  or  all  of 
the  power  required  due  to  the  induced  aerodynamic  drag.  Thus,  there 
is  a  good  possibility  that  even  though  aerodynamic  lift  increases 
the  altitude  capability  of  a  shaped  GEM,  it  may  have  only  a  small 
effect  on  the  total  power  required. 


A  second  large  effect  of  aerodynamic  lift  is  seen  when  the  altitude 
is  held  constant  while  the  jet  momentum  is  reduced  as  aerodynamic 
lift  builds  up  with  velocity.  In  this  case  both  the  jet  velocity 
and  mass  flow  decrease  with  forward  speed.  Therefore,  the  power  re¬ 
quired  for  both  lift  and  propulsion  is  reduced  from  that  of  a  com¬ 
parable  nonshaped  CEM.  The  important  significance  of  this  is  that, 
if  so  desired,  a  shaped  GEM  should  be  capable  of  cruising  at  the 
sane  altitudes  with  less  power  and  more  economy  than  a  comparable 
nonshaped  GDI. 
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DRAG 


Since  a  shaped  CEM  produces  lift  in  forward  flight,  its  drag  compo¬ 
nents  form  an  interesting  combination  of  those  found  for  both  an 
airplane  and  a  ground  effect  machine.  Classically,  the  drag  of  an 
airplane  consists  of  its  parasite  and  lift-induced  drag.  Similarly, 
the  drag  of  a  shaped  GEM  consists  of  an  induced  drag  term  plus  those 
terms  normally  found  for  a  GEM . 

D-D  ¥  O  +  D 

parasite  induced  momentum 

or 

D-C0^S-(COp^CDt  +  (^D-rT1^<:lS  (20) 

The  parasite  drag  term  in  equation  (20)  represents  skin  friction 
drag  and  the  form  drag  which  includes  pressure  drag  due  to  the  shape 
of  the  vehicle  exposed  to  the  free  stream  and  curtain  drag.  Normally 
this  drag  is  determined  experimentally  by  attaching  a  simulated  jet 
curtain  to  a  model  and  determining  the  drag  coefficient  at  zero  lilt. 
The  momentum  drag  is  a  term  peculiar  to  "air  eating"  devices  such  as 
OEMs,  and  results  when  a  stream  tube  of  air  is  turned  90°  into  the 
intake  of  the  vehicle  and  is  brought  to  zero  velocity  in  the  settling 
chamber.  The  drag  force  equals  the  total  loss  of  horizontal  momentum 
of  the  mass  of  air  entering  the  intake,  and  is  therefore  equal  to 
However,  full-scale  and  model  studies  have  shown  that  the  total  drag 
as  given  by  equation  20  predicts  a  higher  than  actual  drag  when  a 
full  momentum  loss  is  considered.  Io  account  for  this,  it  has  been 
argued  that  since  flow  is  exhausted  through  innular  jets,  part  of  the 
jet  flow  eventually  turns  in  the  downstream  direction  before  it  ex¬ 
pands  out  to  ambient,  causing  a  momentum  "recovery"  in  the  form  ol  a 
thrust.  From  a  physical  standpoint,  it  seems  improbable  that  a  direct 
thrust  force  is  transmitted  back  through  the  jet  to  the  vehicle  itself 
unless  the  jet  angle  is  such  that  a  direct  jet  reaction  component  is 
in  the  thrust  direction.  However,  there  is  a  good  possibility  that 
the  front  and  rear  jets  induce  pressures  in  the  vicinity  of  the  lead¬ 
ing  and  trailing  edges  in  such  a  way  that  a  jet-induced  pressure 
thrust  is  developed  in  i  manner  analogous  to  that  of  a  jet-flapped 
wing.  If  this  is  the  case,  the  cause  of  the  apparent  drag  reduction 
mentioned  above  would  seem  to  be  more  closely  related  to  a  reduction 
in  form  drag  due-  to  blowing  rather  than  a  direct  result  of  "momentum 
recovery",  as  such.  Actually  it  makes  no  large  difference  how  this 
phenomenon  is  accounted  for.  Some-  people  may  prefer  to  add  a  correc¬ 
tion  factor  to  the  momentum  drag  term,  while-  others  may  prefer  to 
assume  a  full  momentum  loss  and  ic count  tor  the  drag  reduction  in  the 
parasite  drag  term.  However,  the  author  would  like  to  let  the  above- 
example  suggert  that  f rom  an  academic  standpoint,  labc  ling  the  cause 
of  the  drag  reduction  as  "momentum  recovery"  may  be  a  misnomer.  There 
is  no  real  proof  that  "momentum  recovery"  actually  exists,  and  as 


pointed  out  above,  the  drag  reduction  could  quite  feasibly  arise  f  m 
some  other  effect  of  jet  blowing,  which  in  turn  may  be  a  function  of 
the  jet  momentum. 


The  induced  drag  or  trailing  vortex  drag  term  in  equation  20  repre¬ 
sents  the  kinetic  energy  lost  by  the  system  in  the  generation  of 
trailing  tip  vortices.  In  finite  wing  theory  this  is  interpreted  as 
the  component  of  lift  in  the  drag  direction  that  results  t rom  downwash. 
Normally,  the  pressures  over  the  topside  surface  of  a  GEM  are  close  to 
ambient;  so  if  any  tip  vortices  are  generated  in  forward  flight,  their 
strength  is  small,  and  the  resultant  drag  can  usually  be  neglected. 
However,  the  reduced  pressures  over  the  upper  surface  of  a  shaped  GEM 
cause  the  formation  of  tip  vortices  of  comparatively  higher  strength. 
Flow  visualization  of  circular  models  has  shown  that  the  forward  part 
of  the  annular  jet  rolls  up  into  a  horseshoe  type  vortex  system  that 
translates  around  the  front  perimeter  of  the  model,  blending  with  and 
strengthening  the  familiar  trailing  vortices  at  the  w' ng  .ps.  This 
strengthening  of  the  trailing  vortex  system  by  the  jet  flow  in  the 
area  of  the  wing  tips  represents  a  loss  in  jet  energy  which  is  felt 
by  the  vehicle  in  the  form  of  induced  drag.  Also,  due  to  the  close 
association  of  the  trailing  vortex  strength  and  total  circulation, 
this  can  most  likely  be  interpreted  as  the  induced  drag  caused  b;-  the 
increased  circulation  due  to  blowing. 


For  a  shaped  GEM,  the  total  circulation  about  the  airfoil  is  the 
circulation  without  blowing  plus  the  increase  in  circulation  due  to 
blowing.  Since  the  total  circulation  determines  the  aerodynamic  lift, 
it  can  be  shown  in  a  manner  analogous  to  that  used  in  finite  wing 
theory  that  the  induced  drag  coefficient  can  be  expressed  as 
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where  is  the  aerodynamic  lift  coefficient  and  A  is  the  aspect 

ratio.  The  efficiency  factor  G  is  a  term  which  must  be  determined 
experimentally  and  most  likely  will  vary  with  the  wing  lift  distribu¬ 
tion,  jet  momentum  coefficient,  and  altitude. 


By  substituting  the  expressions  for  the  drag  components  developed 
above  into  equation  (20),  the  total  drag  coefficient  can  be  written  as 

a 

C'  /  m  Vo  / 

♦  Vt r*e  ♦  (22) 

It  is  to  be  noted  that  for  reasons  stated  above,  the  author  has  chosen 
the  alternative  method  of  accounting  for  the  apparent  drag  reduction 
in  the  parasite  drag  term  while  assuming  a  full  momentum  loss.  As  in 
the  case  for  the  lift  coefficient,  all  the  terms  of  equation  (22)  will 
vary  with  forward  speed.  Thus,  if  model  test  data  is  to  be  appl liable 
for  full-scale  considerations,  some  forward  flight  correlation  para- 
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meter  must  be  found.  Toward  this  end,  the  results  of  recent  model 
tests  with  externally  fed  OEMs  have  been  very  enlightening.  In  refer¬ 
ence  3  it  was  found  that  although  drag  data  did  not  seem  to  correlate 
well  with  Cji ,  the  data  did  correlate  when  plotted  as  a  function  of 
the  ratio  of  the  free-stream  dynamic  pressure  to  the  critical  dynamic 
pressure  at  which  the  front  curtain  passes  under  the  base.  Analytical¬ 
ly,  the  expression  used  for  calculating  ^  y^was  3  /q^'  T 


though  there  is  no  doubt  that  the  discovery  of  this  correlating  param¬ 
eter  is  an  important  step  towards  an  understanding  of  how  the  drag  co¬ 
efficient  varies  with  speed,  it  should  be  pointed  out  that  ^  <^c  as  de¬ 
fined  in  the  above  equation  is  actually  a  function  of  .  This 

may  be  shown  as  follows: 
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For  this  reason,  the  Grumman  lift  data  presented  in  references  2  and  3 
correlated  equally  well  with  both  C and  ^  /qe  •  The  drag  data  of 
reference  3  did  not,  however,  correlate  also  with  C ^  .  One  possible 

explanation  is  that  CM  is  a  difficult  parameter  to  ascertain  accurate 
ly  because  a  measurement  of  the  jet  velocity  distribution  must  be  made, 
whereas  for  an  externally  fed  GEM  the  jet  mass  flow,  and  consequently 

,  can  be  determined  quite  accurately.  At  the  same  time,  the  meas¬ 
ured  drag  forces  are  of  a  smaller  magnitude  and  subject  to  greater  tare 
corrections  than  are  the  lift  forces.  For  this  reason,  errors  in  de¬ 
termining  C^a  could  show  up  as  a  far  greater  scatter  of  the  data  for 
drag  than  it  would  for  lift.  This  explanation  is  offered  here  for  con¬ 
sideration  by  others. 

In  any  case,  the  important  fact  is  that  there  appears  to  be  a  corre¬ 
lating  parameter  for  the  drag  of  externally  fed  GEMs.  To  illustrate 
this,  a  sample  of  the  data  presented  in  reference  3  is  plotted  in 
Figure  5.  As  seen  in  Figure  5,  the  reduction  in  the  parasite  drag 
coefficient  due  to  blowing  is  quite  noticeable  at  the  lower  /^values. 
In  fact,  at  the  lower  ^ c  values  the  net  effect  of  blowing  is  a 
thrust  which  tapers  off  to  a  drag  force  at  the  higher  *1  /c^e  values. 

Since  the  drag  of  an  externally  fed  GEM  does  not  include  momentum  drag, 
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the  change  in  the  momentum  drag  coefficient  with  velocity  has  to  be 

considered  to  completely  describe  the  dependence  of  the  total  drag  co¬ 

efficient  upon  velocity.  It  can  easily  be  shown  that  if  a  constant 
velocity  jet  is  as  sumed ,  CD^  wi  1 1  be  the  same  for  all  geometrically 
similar  OEMs  at  a  given  value  of  the  jet  momentum  coefficient.  Thus 
in  the  light  of  what  has  been  said  above,  the  variation  of  all  the 
drag  coefficient  terms  of  equation  22  with  speed  may  be  completely 

described  by  the  common  parameter  .  If  this  is  the  case,  then  the 

total  drag  coefficient  would  be  a  function  of  ,  and  this  function 

would  completely  describe  the  drag  coefficient  for  all  geometr  it  a  1 ly 
similar  OEMs,  if  Reynolds  number  effects  are  neglected.  However,  if 
it  is  verified  through  further  experimental  studies  that  the  variation 
of  the  parasite  ard  induced  drag  terms  are  actually  functions  oi  1<\C 
and  not  C  **  ,  the  problem  still  can  be  easily  handled.  In  this  case 

the  full  momentum  drag  would  have  to  be  subtracted  out  ot  drag  mciaure 
ments,  and  the  remaining  sum  of  the  parasite  and  induced  drag  coeffi¬ 
cients  could  be  determined  as  a  function  of  v**  •  Since  the  drag 
reduction  due  to  blowing  would  be  included  in  the  parasite  drag  term, 
the  momentum  drag  computed  on  the  basis  of  zero  recovery  could  be 
added  when  making  drag  calculations. 

PITCHING  MOMENT 

Shaped  circular  GDIs,  such  as  the  P-GEM,  are  usually  loaded  so  that 
the  center  of  gravity  is  at  the  507.  chord  point  so  as  to  be  balanced 
in  hover.  Unfortunately,  due  to  its  symmetric  shape  the  resultant 
aerodynamic  lift  arts  well  forward  of  the  C.G.  Thus,  an  increasing 
nose-up  moment  develops  as  aerodynamic  lift  builds  up  with  speed. 

Even  without  aerodynamic  lift,  it  appears  that  a  good  many  of  the  oper 
ational  GEMs  to  date  have  a  high-velocity  stability  requiring  fairly 
large  control  forces  to  trim  the  nose-up  moment  as  speed  increases. 
Thcretore,  in  this  particular  case  of  the  shaped  GEM,  additional  de¬ 
mands  are  made  of  the  control  system  for  trirmning  the  aerodynamic 
nose-up  moment.  I’nless  very  large  control  forces  arc  available,  the 
vehicle  will  run  out  of  control  at  some  speed  and  will  pitchip.  A 
nose-up  at  this  point  creates  greater  aerodynamic  lift  forward  of  the 
C.G.,  causing  an  increasing  unstable  attitude  in  pitch.  Fortunately, 
when  this  maneuver  was  inadvertently  carried  out  on  the  P-GEM,  the 
speed  dropped  rapidly  enough  that  the  vehicle  settled  smoothly  to  the* 
ground  before  any  seiious  damage  was  done. 

To  avoid  this  limitation  on  speed,  any  aerodynamic  surface  such  as  a 
tai  1  or  swept  wing  could  be  placed  so  as  to  move*  the  i  lying  aero¬ 
dynamic  center  alt  to  coincide  with  the  C.G.  Towards  this  end  anv  non 
blowing  surface  located  aft  of  the  C.G.  would  help,  but  a  high  tail  or 
a  swept  wing  seems  to  be  the  most  likely  prospect  because  a  high  tail 
would  be  a  convenient  solution  and  swept  wings  would  most  likely  in¬ 
crease  the  etfectivi  aspect  ratio. 
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There  is  not  very  much  that  can  be  said  about  this  adverse  effect  of 
aerodynamic  lift  upon  pitching  moment  except  that  the  problem  is  recog¬ 
nized  and  something  must  be  done  about  it  if  the  beneficial  effects  of 
aerodynamic  lift  are  to  be  utilized.  Shaping  the  GEM  with  nonblowing 
surfaces  as  suggested  above  is  one  approach  to  a  solution,  and  the 
results  of  recent  model  studies  applying  this  approach  is  forthcoming 
in  a  separate  report.  Another  approach  may  be  a  study  of  the  effects 
of  the  intake  position  upon  the  pitching  moment.  It  is  a  well  known 
fact  that  the  position  of  a  suction  slot  on  the  top  surface  of  an  air¬ 
foil  radically  changes  the  pressure  distribution  over  the  topside  sur¬ 
face  in  such  a  way  that  the  pitching  moment  and  longitudinal  stability 
is  altered  considerably  with  no  adverse  effects  upon  the  aerodynamic 
lift.  Possibly,  then,  there  is  a  favorable  position  for  the  intake 
which  may  alleviate  the  nose-up  problem. 
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WIND-TUNNEL  TESTS 


CONFIGURATIONS  TESTED 

In  order  to  cope  with  the  severe  pitch-up  characteristics  of  the  P-CEM 
due  to  its  circulation  lift,  several  configuration  modifications  were* 
desired.  These  are: 

1.  Beaver  tail  modification 

2.  Swept  delta  wing  modification 

1  Geared  trimmer  configuration 

The  first  two  of  these  configurations,  the  beaver  tail  and  the  swept 
delta  wing,  are  shown  in  Figures  6  and  7.  They  have  in  common  the 
lengthening  of  the  mac  of  the  planform  in  the  aft  direction.  Thus, 
with  the  C.G.  position  unaltered  from  the  original  circular  configura¬ 
tion,  the  C.C.  is  effectively  moved  forward  relative  to  the  mac.  In 
each  of  these  modifications  the  original  circular  peripheral  nozzle 
was  maintained,  and  the  addition  was  not  fitted  with  nozzles  of  any 
kind. 

The  third  configuration  tested  in  the*  wind  tunnel  is  shown  in  Figure  H. 
It  is  the  result  of  designing,  by  aircraft  cons  i  derat  ions  alone,  the 
horizontal  tail  required  tor  trimmed  flight  through  a  modest  rang*  *t 
angle  of  attack.  Such  a  stabilizer  is  of  necessity  extremely  .urge 
relative  to  the  plan  ansi  of  the*  CF.M.  This  is  due*  to  the  (  .(..  being 
locate^  at  SO"  of  the  mac  and  due  to  the  quite  short  tail  monu’  n  t  ii  t  ni . 

To  avoid  the  large -size  fixed  stabilizer  which  would  be  needed  to  c  .  pc 
with  the  pitching  moments  generated  by  the  P-(',EM  configuration,  a 
geared  trimmer  was  designed.  This  trimmer  as  shown  m  Figure  8  is 
one-fifth  the  area  required  tor  a  tixed  stabilizer.  In  concept  it  is 
servo-ac tuated  and  geared  S  to  1  to  the  P-CEM,  thus,  a  one-degree 
change  in  attitude  of  the  craft  produces  a  five-degree  change  in 
angle  of  attack  of  the  trimmer.  Such  i  scheme  is  United  bv  the  still¬ 
ing  angle  of  the  trimmer  (in  this  case  t  IV’),  this,  however,  permits 
an  angle  of  attack  change  of  t  3°  for  the  craft,  which  was  deemed  ade¬ 
quate  for  the  cruising  regime  of  a  high-speed  CEM. 

The  basic  model  (see  Figure  9),  a  1/12  scale  model  ot  the  P-CEM,  was 
altered  to  each  of  these  configurations  and  tested  in  the  Princeton 
2  foot  x  3  foot  subsonic  wind  tunnel  fitted  with  a  ground  plane.  lusts 
were  conducted  to  determine  the  effect  of  angle  of  attack,  momentum 
coefficient  (  CM  ),  and  height  above  the  ground  plane  on  lift,  drag, 
and  pitching  moment  for  each  configuration.  Momentum  coefficients  ex¬ 
amined  were  C ■  3  and  CM  =  .04,  and  the  ground  clearances  tested 

were  h/D  ■  .09,  .19,  and  oo  The  model  was  self-powered,  which  Unit¬ 
ed  the  upper  value  of  CM  ,  however,  the  .elf-powered  model  had  the  id- 
vantage  if  simulating  the  actual  flow  conditions  into  the  scaled  inlet 
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and  the  added  advantage  of  including  the  correct  momentum  drag  in 
the  results. 


TEST  RESULTS 


Beaver  Tail  Configuration 

Figure  10  shows  the  basic  characteristics  of  the  beaver  tail  configura¬ 
tion  at  C^u  =  0  for  three  values  of  h/D.  it  will  be  noted  that  the 
ground  proximity  does  not  change  the  angle  of  zero  lift  but  does  have 
a  pronounced  effect  upon  the  slope  of  the  lift  curve  showing  a  sub¬ 
stantial  increase  of  ^^/d*  with  decreasing  values  of  h/D.  Drag 
changes  due  to  the  presence  of  the  ground  plane  also  appear  to  be 
typically  affected,  that  is,  a  reduction  of  Cp  with  decreasing  values 
of  h/D.  Most  important,  however,  for  the  purposes  of  this  study  is 
the  effect  of  the  modification  upon  static  stability.  It  will  be 
noted  that  at  C M  =  0  the  pitching  moment  curve  indicates  an  unstable 
craft  that  is  little  affected  by  the  value  of  ^/D  except  for  a  small 
trim  change  with  height  change. 

Figure  11  presents  the  characteristics  of  the  same  configuration  under 
identical  test  conditions  except  that  in  this  case  C  ju.  =  .04.  Of  most 
significance  is  the  dramatic  increase  of  lift  coefficient  at  oc  =  0 
with  a  decrease  in  height,  the  much  higher  induced  and  momentum  drag, 
and  the  alteration  of  the  pitching  moment  curves  with  increasing  ^/D 
at  a  C  =  .04.  It  appears  from  these  results  that  the  craft  would 
be  at  least  neutrally  stable  at  h/D  =  .09  at  the  higher  values  of  lift 
coefficient;  however,  increasing  values  of  *Vd  appear  to  be  destabi¬ 
lizing. 

Swept  Delta  Wing  Configuration 

The  lift,  drag  and  pitching  moment  characteristics  of  the  swept-delta- 
wing  P-GEM  configuration  are  shown  in  Figures  12  and  13.  For  the 
0^=0  case  the  most  noteworthy  result  is  the  neutral  longitudinal 
stability  that  was  achieved  at  all  values  of  *VD.  When  the  momentum 
coefficient  was  increased  to  C  ^  =  .04,  however,  some  deterioration 
in  this  stability  occurred,  principally  at  the  lower  values  of  ^/D. 

Also  of  considerable  significance  is  the  quite  high  lift  coefficient 
attained  at  zero  angle  of  attack  (Cl  *  0.6  for  C  ^  =  .04). 

CL  -0° 

Geared  Trimmer  Configuration 

The  third  modification  of  the  basic  P-GEM  shape  to  be  tested  was  the 
geared  trimmer  device. 

The  results  of  these  tests  are  presented  in  Figures  14,  15  and  16. 
Figure  14  shows  that  for  C  ^  =  0  the  configuration  is  still  statically 
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unstable  but  that  the  magnitude  of  the  instability  is  essentially 
invariant  with  *VD.  This  trend  is  approximately  unchanged  for  the 
case  of  C  M  =  .04  (Figure  151.  It  will  be  noted  in  this  figure  that 
the  lift  coefficient  for  zero  angle  of  attack  compares  favorably  with 
similar  characteristics  of  the  swept  delta  wing  configuration  under 
the  same  conditions  of  angle  of  attack,  ^/D  and  C  ^  . 

In  order  to  determine  the  range  of  angle  of  attack  that  the  geared 
trimmer  would  trim  the  P-GEM  in  forward  flight,  additional  tests  were 
run  in  the  wind  tunnel  with  the  trimmer  set  at  -10°,  0°  and  +  10°  angles 
of  incidence.  The  results  of  this  work  are  presented  in  Figure  lu, 
which  shows  the  variation  of  the  lift  curve  displacement  with  trimmer 
angle  of  incidence  and  clearly  shows  that  for  the  range  of  trimmer 
angles  tested  the  P-GEM  could  be  trimmed  through  a  range  of  lift  co¬ 
efficients  from  CL  *  .5  to  *  .1.0. 
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FULL-SCALE  FLIGHT  TESTS 


GENERAL  DESCRIPTION  OF  CONFIGURATION 

The  over-all  intent  of  the  experimental  portion  of  this  work  was  to 
prove  that  a  GEM  can  be  so  configured  as  to  produce  useful  cruise  lift 
coefficients  in  the  sense  that  power,  speed,  ground  clearance,  and 
gross  weight  trade-offs  could  be  made  as  a  result  of  aerodynamic  lift. 

In  order  to  utilize  these  advantages,  however,  the  craft  must  be  ade¬ 
quately  stable  and  trimmable  throughout  a  useful  range  of  lift  coef¬ 
ficients.  It  was  the  specific  intent  of  the  wind-tunnel  study,  re¬ 
ported  upon  in  the  preceding  section,  to  provide  information  for  an 
optimum  configuration  of  the  P-GEM  which  would  permit  full-scale  meas¬ 
urements  of  these  important  parameters. 

A  careful  review  of  the  effect  of  h/D,  CM  ,  and  angle  of  attack  upon 
the  lift,  drag,  and  pitching  moment  of  the  three  configurations  con¬ 
sidered  resulted  in  the  selection  of  the  geared  trimmer  for  the 
following  reasons  : 

1.  The  high  cruise  lift  coefficients  obtainable  (C^  =  .6  @<X=  0°) . 

2.  The  wide  range  of  lift  coefficients  through  which  the  craft 
could  be  trimmed  (CL  =  .25-+-C.  =  1.25  for  it  =  +  15°). 

3.  The  ease  of  obtaining  artificial  longitudinal  stability,  if 
desired,  by  servo-operating  the  trimmer. 

4.  The  relative  ease  of  physically  accomplishing  the  modifica¬ 
tion  of  the  P-GEM. 

Although  the  original  concept  of  the  trimmer  was  to  provide  artifical 
longitudinal  stability  by  means  of  a  sensor  and  servo  system,  it  was 
deduced  that  the  response  of  the  P-GEM  to  a  disturbance  would  be  such 
that  the  servo  system  would  not  be  needed.  Accordingly,  the  trimmer, 
when  installed,  was  connected  directly  to  the  pilot's  control  stick, 
which  operates  in  the  usual  airplane  sense.  This  method  of  control¬ 
ling  the  trimmer  angle  of  incidence  was  found  to  be  completely  satis¬ 
factory,  and  all  flights  since  its  installation  have  used  this  system. 

A  general  view  of  the  P-GEM  fitted  with  the  horizontal  tail  trimmer 
is  shown  in  Figure  1. 

FLIGHT  TEST  INSTRUMENTATION 

In  order  to  measure  the  effect  of  aerodynamic  lift  upon  the  performance 
of  the  P-GEM,  it  was  necessary  to  design  and  develop  a  height  sensor 
which  would  combine  high  sensitivity,  good  damping,  and  adequate  reli¬ 
ability.  It  was  necessary  that  the  performance  of  the  height  sensor 
would  be  unaffected  by  moisture,  temperature  changes,  and  forward 
movement  of  the  craft.  Ail  of  these  requirements  were  met  by  a  simple 
articulated  four-leg  device  fitted  with  a  linear  potentiometer,  the 
output  of  which  was  presented  to  the  pilot  on  a  mi  1 1 ivol tmeter  located 
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in  the  cockpit.  A  photograph  of  the  P-GEM  with  the  height  sensor  ex¬ 
tended  Is  shown  In  Figure  17.  The  only  other  required  Instrumentation 
was  that  normally  provided  In  the  P-GEM. 

TESTS 


Repeated  tests  were  conducted  along  a  paved  airstrip  measuring  the 
change  in  height  of  the  craft  with  both  airspeed  and  lift  power  set¬ 
ting.  The  technique  employed  was  first  to  carefully  measure  hover 
height  for  a  fixed  lift  power  setting  at  one  end  of  the  runway.  This 
was  followed  by  an  application  of  a  given  percentage  of  thrust  power, 
which  then  remained  constant  throughout  the  run.  The  maximum  height 
during  the  run  was  recorded  by  the  pilot,  and  the  stabilized  ground 
speed  was  measured  by  a  pacing  automobile  with  a  calibrated  speed¬ 
ometer.  Four  repeat  runs  were  made  for  each  thrust  power  and  lift 
power  combination.  It  is  interesting  to  note  that  the  simplicity  of 
these  techniques  and  of  the  instrumentation  resulted  in  a  trouble- 
free  test  program  with  a  high  degree  of  repeatability  in  the  data. 

TEST  RESULTS 


By  means  of  sea-level  power  curves  for  the  Lycoming  VO-360  engine, 
with  which  the  P-GEM  is  equipped,  brake  horsepower  was  determined  tor 
each  of  several  hover  heights.  These  results  are  shown  plotted  in 
Figure  18.  It  will  be  noted  that  this  figure  shows  two  BHP  vs.  height 
curves,  the  one  labeled  1964  being  substantially  superior  to  that  for 
1963.  This  reflects  a  marked  improvement  in  internal  efficiency  of 
the  P-GEM  brought  about  by  reworking  the  control  vanes  situated  in 
the  peripheral  nozzle  (reference  5). 

Figure  19  shows  a  direct  plot  of  flight  test  results  showing  the 
variation  in  ground  clearance  with  forward  speed  for  several  values 
of  lift  brake  horsepower.  It  will  be  noted  that  a  height  decay  occurs 
prior  to  speeds  at  which  aerodynamic  lift  begins  to  become  significant. 
This  loss  in  ground  clearance  is  minimal  and  seems  to  be  most  pro¬ 
nounced  at  a  forward  speed  of  approximately  20  miles  per  hour.  This 
loss  is,  however,  rapidly  madeup  at  slightly  higher  speeds  and  it  is 
evident  that  at  speeds  of  30  to  35  miles  per  hour  ground  clearance  is 
approximately  10’  greater  than  the  initial  hover  values. 

The  lift  augmentation  curves  shown  in  Figure  20  were  constructed  from 
values  of  ground  clearance  and  brake  horsepower  taken  from  Figure  19 
for  both  the  hover  condition  and  for  an  airspeed  of  35  miles  per  hour 
and  are  based  upon  an  mjvj  =  1.5  pounds  per  brake  horsepower  at  the 
nozzle.  The  extrapolation  of  the  hover  lift  augmentation  curve  was 
accomplished  by  reference  to  previous  P-GEM  flight  test  results 
(reference  5).  In  order  to  predict,  with  reasonable  accuracy,  the 
performance  of  the  P-CEM  at  speeds  in  excess  of  35  miles  per  hour, 
it  was  necessary  first  to  determine  the  level  flight  lift  coefficients 
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as  a  function  of  *VD.  Referring  to  the  two  lift  augmentation  curves 
of  Figure  20,  it  is  seen  that  there  is  an  increase  of  augmentation  of 
1.4  at  a  value  of  *VD  =  .10.  Since  for  the  1600-pound  P-GEM  an  mjVj 
of  420  pounds  would  be  required  to  hover  at  h/D  =  .10,  the  aerodynamic 
lift  at  this  height  at  35  miles  per  hour  was  computed  to  be  1.4  x  420, 
or  590  pounds.  This  reduced  to  a  level  attitude  lift  coefficient  of 
0.61  at  this  value  of  h/D. 


Since  higher  forward  speeds  would  produce  higher  aerodynamic  lift, 
thereby  increasing  h/D  it  was  necessary  to  determine  the  variation  in 
lift  coefficient  with  ”/D  at  zero  angle  of  attack.  This  was  done  by 
referring  to  Figure  15,  and  these  values  were  cross-plotted  as  shown  in 
Figure  21.  It  will  be  noted  that  the  fl ight- test-determined  value  of 
lift  coefficient  at  h/D  =  .10  of  C'l  *  .61  falls  on  this  curve  con¬ 
structed  from  wind-tunnel  data.  The  maximum  value  of  obtainable 

in  the  wind  tunnel  was  C  ><  =  .04,  while  that  value  corresponding  to 
35  miles  per  hour  for  the  full-scale  craft  was  approximately  twice 
the  wind-tunnel  momentum  coefficient.  That  both  the  wind-tunnel  and 
the  full-scale  P-GEM  tests  yielded  the  same  value  of  lift  coefficient 
with  vastly  different  momentum  coefficients  was  entirely  coincidental 
and  occurred  because  the  wind  tunnel  lift  included  mjVj  and  the  full 
scale  results  did  not. 


From  the  curve  of  Figure  21,  values  of  C 1  ^  were  selected  for  several 
values  of  h/D.  For  the^e  same  values  of  ^/D,  lift  augmentation  ratio 
was  determined  from  Figure  20  and  aerodynamic  lift  was  computed  based 
upon  the  following  expression: 

L '  =  W  -  mjVj  A. 

Thus,  given  both  the  lift  coefficient  corresponding  to  a  given  value 
of  h/D  and  the  associated  aerodynamic  lift,  the  velocity  was  determined 
The  results  of  these  several  computations  are  shown  in  Figure  22,  which 
relates  the  value  of  h/D  with  forward  speeds  of  up  to  65  miles  per  hour 
By  utilizing  these  techniques  and  information  presented  in  Figures  18, 
19,  20,  21  and  22,  performance  trade-offs  can  be  made.  An  example  of 
the  type  of  trade-offs  that  can  be  made  for  a  forward  speed  of  50  miles 
per  hour  follows. 

1.  At  the  same  1600-pound  gross  weight  and  at  a  velocity  of  50 
miles  per  hour,  h/D  is  increased  1007*  over  the  hover  value. 

2.  At  no  increase  in  h/D  and  at  the  same  lift  power,  gross 
weight  could  be  increased  by  1000  pounds  (a  607  increase). 

3.  At  the  same  gross  weight  of  1600  pounds  and  allowing  no  change 
in  h/D  at  50  miles  per  hour,  lift  horsepower  is  reduced  from 
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190  brake  horsepower  to  67  brake  horsepower  (a  reduction  of 
657.  in  lift  power  required). 

While  these  trade-off  values  are  approximations  based  upon  the  extrap¬ 
olated  values  of  Figure  22,  the  flight  test  evidence  is  such  as  to 
lend  strong  support  to  these  calculations. 
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CONCLUSIONS 


1.  It  can  be  concluded  from  this  study  that  a  GEM  may  indeed  be  so 
configured  as  to  produce*  substantial  gains  in  performance  due 
to  the  aerodynamic  lift  of  the  craft  at  high  speed. 

2.  The  magnitude  of  the  increase  in  performance  is  a  function  of 
the  external  shape  of  the  craft,  speed,  and  base  loading. 

3.  A  GEM  can  be  simply  stabilized  and  trimmed  at  speeds  high  enough 
to  take  advantage  of  aerodynamic  lift. 
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